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ABSTRACT 
The mechanisms by which bubbles erupt at the free surface of a 
gas fluidized bed were studied experimentally.    Two bed geometries 
were used.    One was a two-dimensional bed with a rectangular cross 
section measuring 14.4 ,mm x 609.6 mm, and the other was a semi- 
cylindrical three-dimensional bed with an internal diameter at 
288 mm.    Five different types of particles are used with surface mean 
diameters ranging from 112 ym to 912 pm and densities ranging from 
3 
1,055 to 3,970 kg/m .    In some experiments bubbles were created by 
injecting air into an incipiently fluidized bed; and in others, the 
bed was allowed to bubble freely.    Fluidization velocities ranged 
from 1.05 to 2.44 Umf. 
The bubble eruptions were recorded using a high speed video 
system. Four mechanisms of particle ejection were identified; and 
the'results suggest that the relative importance of each mechanism 
depends on bed geometry^and the nature of the bubble interactions. 
From studies tq determine frequency of each mechanism, the most common 
type of eruption was found to be a single bubble breaking at the free 
surface, ejecting particles from the bulge o'r nose region of the 
bubble. No material from the bubble wake was ejected during the 
single bubble eruptions. This type of eruption was studied in detail 
and a universal non-dimensional curve for single bubbles is presented. 
r 
The average maximum height of ejected material in single bubble 
eruptions was found to be 60 percent of the free surface diameter in 
the three-dimensional bed and 57 percent of the free surface diameter 
in the two-dimensional bed. 
-1- 
1.  INTRODUCTION 
Particle elutriation is a very important consideration in the 
design and use of fluidized bed systems. For example, in the case of 
pressurized fluidized bed coal combustion for combined cycle power 
generation, the rate at which particles are entrained in the exhaust 
gas determines the type and capacity of dust controlling equipment. 
If the exhaust gas is to be used i^a gas turbine, adequate dust con- 
trol is especially critical. 
Presently, information on elutriation is primarily limited to 
empirical correlations of experimental data, (for example, see Refs. 
1-6.) These correlations are not useful for the design of fluidized 
bed systems if the operating 'conditions are much different from those 
used to generate the correlations. Presently, in industry, if exact 
information is needed on elutriation rates for a new process, scale 
model tests must be run. 
Relatively little has been done to gain insight into the 
physical mechanisms which govern elutriation. The identification and 
understanding of these mechanisms are essential in developing a useful 
mechanistic model of the elutriation process. One thing which has been 
established is that the elutriation phenomenon can be divided into two 
distinct processes. The first is the eruption of bubbles from the 
free surface of the fluidized bed causing particles to be ejected into 
the freeboard. The second is the transport of the ejected particles 
by the fluidizing gas. 
This investigation deals with the first process, bubble eruption 
-2-  ^ 
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and the ejection of particles above the free surface. It was 
stimulated by a controversy in the technical literature over the 
origin of the particles ejected by the bubble. Figure 1.1 shows 
typical bubbles rising in a two-dimensional bed. Some investigators 
have observed the bubble wake being ejected into the freeboard. One 
N  of these investigations was performed by George and Grace (7) who 
captured ejected particles in the freeboard region of a fluidized bed 
made from two types of bed materials. Another investigation which 
observed wake particles being ejected was conducted by Rowe and 
Partridge (8, 9) who obtained photographs of a bubble bursting on the 
surface of a cylindrical bed. On the other hand Do at. al. (10), 
using a two-dimensional fluidized bed and a high speed camera, 
observed the bulge material ahead of the bubble erupting into the free- 
board. 
The objegt of this work is to determine the mechanisms by which 
particles are ejected above the free surface of a bubbling bed. As is 
described in later chapters, the major ejection mechanisms change with 
particle parameters and fluidization conditions. In this study the 
, effects of bubble size, particle size, fluidization velocity, particle 
density and bubble coalescense near the free surface are examined. 
Observations were also made to determine if any fundamental differences 
exist between the eruption mechanisms in two-and three-dimensional 
fluidized beds. The knowledge obtained in this investigation is in- 
tended to serve as a basis for the future development of particle 
ejection models. 
2.  APPARATUS, INSTRUMENTATION AND EXPERIMENTAL PROCEDURE 
2.1 Introduction . 
The experiments which were performed can be divided into two 
categories. In the first, bubbles of controlled size were injected 
into an incipiently fluidized bed. In the^second mode of operation, 
the fluidized bed was allowed to bubble freely at different excess air 
rates. The objective of the first part was to observe the different 
types of mechanisms of particle ejection and determine the magnitude 
of solids ejection for each mechanism. The objective~of the second 
technique was to determine the frequency of occurrence of each 
mechanism in a fluidized bed which is freely bubbling. 
The air for the injected bubbles was controlled by a digital 
timer and solenoid valve arrangement. The superficial air velocity 
was controlled with an array of valves and rotameters which were main- 
tained at constant inlet pressure with a precision pressure regulator 
and pressure gauge. A needle valve was located at the outlet of each 
rotameter to provide precise flow adjustment. 
The bubble eruptions were recorded with a high speed video 
system. The video sequence was analyzed to determine the strength of 
each eruption mechanism and the frequency of occurrence. 
2.2 Two-Pimensional Fluidized Bed 
The two-dimensional fluidized bed is shown in Figure 2.1. The 
bed was constructed of plexiglass and has removable plenum and distrib- 
utor~sections. The internal cross section dimensions of the bed are 
14.4 mm x 609.6 mm and the total height above the distributor is 
-4- 
2,438 mm. The front and rear faces of the bed are constructed of 
19.0 mm plexiglass sheet, the thickness of which was chosen to 
minimize deflection at high flow rates. 
The distributor was constructed from two 6.35 mm layers of ultra 
high molecular weight polyethylene sheet with 20 ym pore size, 
manufactured by Glasrock Products Inc. The distributor has the same 
v 
cross section as the bed. This distributor provided uniform 
fluidization for all bed materials with relatively small pressure 
, drops. A curve of the distributor pressure drop vs. air velocity is 
shown in Figure 2.2. The distributor is also removed easily to allow 
complete cleaning of the bed when the particles are changed. 
2.3 Three-Dimensional Fluidized Bed 
The three-dimensional fluidized bed is semi-circular in cross 
section and is shown in Figure 2.3.    The height of the bed is 1,526 mm 
and the inside,has a radius of 144 mm.    The entire bed is constructed 
of plexiglass except for the front face, which is 6.35 mm thick plate 
glass.    Glass was used for the front face to reduce scratching and 
static electricity effects.    The bed is split at the midsection with a 
flange to allow easy cleaning.    The distributor was made from porous 
stainless steel plate with a pore size of 100 um.    This distributor 
provided excellent fluidization with a low grid pressure drop.    The 
distributor pressure drop vs. air velocity is shown i-fr Figure 2.4. 
2.4 Bubble Injection 
Bubbles were injected into the fluidized bed through the 4.76 mm 
diameter bubble injection ports shown in Figures 2.1 and 2.3.    In the 
two-dimensional bed the port is flush with the vertical wall of the 
bed.    In the three-dimensional bed the port is flush with the distrib- 
utor and ts centered along the front face.    Both ports are covered 
with a fine screen to prevent the backflow of particles, when air is 
not being injected. 
A schematic of the bubble injection system is shown in Figure 2.5. 
The digital timer produces an output signal as shown in the illustra- 
tion below. 
ON — 
OFF 
f—tj_—I hiiH MH 
The "on" time (t-,) and the "off" time (t«) can be varied independ- 
ently from .02 to 16.6 seconds in (1/60) second increments. The total 
number of pulses can also be varied from 1 to 999. Details of timer 
operation and electrical design are given in the appendix. 
The timer output signal is used to activate a Potter and Brumfield 
model EM0IDB22-3/32V solid state relay which in turn operates a Boston 
Gear model 70644 solenoid valve. The solenoid valve is supplied at 
constant pressure from an air pressure regulator. The air released 
from the control valve passes through a Boston gear model 70001 needle 
valve into the injection port. This arrangement allowed single and 
multiple bubbles to be introduced into the bed reproducibly. 
2.5 Air Flow Circuit 
A schematic of the fluidizing frir flow circuit is shown in 
Figure 2.5.    The air is supplied, by the laboratory air system which 
is regQlated to 7.2 bars.    The air is filtered by a Boston Gear model 
E-41304 air filter to 5 ym to remove foreign matter present in the 
supply lines.-   The filtered air is then regulated by a Moore 
Products, Nulmatic Model 42H-30 high capacity flow regulator.    The 
air then passes through the rotameter bank (described in Section 2.7) 
and into the humidification tank which brings the relative humidity 
up to 95 percent.        Humidification is required to reduce the static 
charge effects in the bed.    Figure 2.6 shows a drawing of the humidi- 
fi cation tank.    The humidified air then flows into the plenum below 
the bed. 
2.6 Particles 
The glass spheres which were used were manufactured by Potter 
Industries. "The particle designation and surface mean size for 
each are listed below. 
Designation    \     d ym 
\> " — \ 
10-047 921 
P-020 451 
P-0060 125 
' 3 All of the glass spheres had a density of 2,460 kg/m . 
Styrene copolymer beads with a surface mean size of 765 ym and a 
3 density of 1,055 kg/m , manufactured by Dow Chemical Company, were 
also used.    In addition, a powdered catalyst material -with a surface 
V   "7- 
r\ 
3 
mean size of 112 pm and a density of 3,970 kg/m was used for some of 
the experiments. 
The size distributions of the particles were determined by using 
a microscope, standard sieves, and a Coulter counter. The size dis- 
tributions are given in Tables 1-5. 
V 
2.7 Instrumentation 
All measurements of bubble characteristics were made with the aid 
of a Videologic Instar highspeed video system. The system records at 
a rate of 120 frames per second and has slow motion replay with a 
frame sequencing which allows each frame to be viewed separately. The 
camera fs equipped with a full set of closeup lenses which allows clear 
focusing at any distance greater than 150 mm. 
The superficial air.velocity was measured with a rotameter bank 
consisting of the following Schutte and Koerting rotameters—1/4-20-6-5 
with BJ-8 float, 3R with R-31 float and a 4-HCF with a 44-J float. Each 
of these rotameters has an accuracy of + 2 percent of full scale.The 
sizes and floats were selected so that the range of the meters over- 
lapped, reducing the maximum absolute error to + 10 percent. The pres- 
sure in the plenum was measured using a 914 mm mercury manometer. The 
pressure drop along the bed above the distributor was measured by a 
1524 mm water manometer bank. The inlet pressure to the rotameter 
bank was measured with an Ashcroft model 316 pressure gauge. The pres- 
sure gauge was calibrated against the mercury manometer to insure 
accuracy of the rotameters which are pressure dependent. The air 
temperature in the plenum was measured with a mercury in-glass 
-8- 
u. 
thermometer. 
» 
2.8 Experimental Procedure 
Before acquiring data the following steps were taken :r 
1. Turn on compressed air and adjust rotameter pressure 
to the calibrated 1.04 Bars. 
2. Connect humidification tank to flow circuit (if 
needed for the run). 
3. Adjust appropriate needle valve to full open to 
unpack-entire bed. Then close valve until flow 
rate corresponding to'desired velocity is obtained. 
4. Set up camera and lights and adjust camera focus     _ 
and aperture setting to obtain a sharp picture. 
5. Measure and record plenum temperature. 
The following steps were required only when injecting controlled 
bubbles into the bed. 
6. Turn on bubble injection timer and adjust injection 
pressure to desired setting. 
7. Inject several bubbles and adjust the injector to get 
desired size and spacing between bubbles.   -"" ' 
During the test runs utilizing controlled bubble injection, the 
camera-^as turned on and the bubble injector was operated until the 
desired number of bubbles or the desired types of coalescence were 
observed. The freely bubbling experiments were run in a similar* 
fashion except theM)ubble injector was not used. After the tape was 
recorded, the sequence was played back to insure the camera setting 
\ 
Y_ 
and lighting were correct and to see if the desired events were re- 
corded. If the recording was not satisfactory, the data set was 
reported after the appropriate adjustments were made. 
After the test run the rotameter pressure and the rotameter 
reading were checked to insure that no change had taken place. The 
entire video recording ffcr that run was then reviewed in slow motion 
and the frames of interest were catalogued. 
2.9 Data Acquisition Discussion 
Test Section Conditions 
The accuracy with which the velocity could be measured depended 
directly upon knowing the dimension of the gap between the two plexi- 
glass sheets used for the front and back faces in the two-dimensional 
bed. The design called for a 14.3 mm gap, 12.7 of plexiglass spacer 
and 1.6 mm of gasket material. Because of thickness variations in the 
plexiglass spacers and the unknown compressed gasket thickness, the 
assembled gap was different from the design gap. The assembled gap 
was measured using a vernier caliper. Three measurements were taken 
along the top and three along the bottom of the bed, the measurements 
<<were then averaged/ The average gap was found to be 14.4 mm. The 
cross sectional area of the three-dimensional bed was determined by 
i. ■  -. 
measuring the diameter with a scale. The area was found to be 
33,030 mm .      " ' .   - 
Superficial Velocity Measurement 
The superficial velocity, Us> was measured by using the 
-10- 
volumetric flow rate as measured by the rotameter bank. Although the 
rotameters were supplied by the vendor with calibration curves, the 
calibration was still checked using a wet test meter and a stopwatch. 
The calibration agreed within 2 percent with the factory data. The 
pressure and temperature adjusted factory curves were curve fitted to 
a second order polynomial and divided by the cross sectional area of 
the bed to give the following equations for superficial velocity, in 
meters per second (xlO ). 
Two-Dimensional Bed 
Rotameter 1 Us = 0.5778 + 0.1979 R] + 3.141 x T0"4(R1)2 
Rotameter 2 Ug = -7.199 + 0.6634 R2 + 4.684 x 10"4(R2)2 
Rotameter 3   Us = 35.47 = 3.412 R3 + 2.338 x 10"4(R3)2 
Three-Pimensional Bed 
Rotameter 1   Us = 0.1482 + 0.05074 R] + 8.054 x 10"5(R1)2 
Rotameter 2   Us = -1.846 + 0.1701 Rg + 1.201 x 10"4(R2)2 
Rotameter 3   Us = 9.095 + 0.8748 R3 + 5.994 x 10"5(R3)2 
Where R-,, R2 and R3 indicate the respective rotameter scale readings 
in millimeters. 
i 
Measurement of U, 
mf 
The method of determining U - was the one suggested by 
■11- 
Richardson (Ref. 10). The pressure drop across the bed was determined 
by decreasing the flow rate while continuously recording the pressure 
in the plenum section. The pressure drop across the distributor 
without particles (Figures 2.2 and 2.4) is then subtracted from this 
curve and the result is the pressure drop across the bed. The velocity 
at which the pressure drop curves for the fluidized and fixed regimes 
intersect (see illustration below) is the experimental minimum 
fluidization velocity as reported in tables 1 to 5. This procedure 
was repeated in the two-dimensional and three-dimensional beds and the 
values for U - were found to agree. 
Fluidized 
AP 
Umf 
Velocity 
Photographic Technique 
Every effort was made to create as much contrast between the 
bubble phase and the emulsion phase on the video recordings. The 
video system is equipped with two synchronized strobe lights to im- 
prove slow motion picture quality. The positioning of the lights 
relative to the camera and the bed was especially critical. When 
larger particles (d" > 200 ym) were to be recorded, front lighting with 
-12- 
w 
a contrasting matte background was found to give highest contrast. 
When front lighting, the two strobe lights were positioned on either 
side of the camera at a 20° angle below the plane of the free surface 
and a 30° angle in front of the front face of the bed (see Figure 2.7). 
For small particles (d < 200 ym) front lighting became ineffective 
■( P 
because a thin layer of particles adhered to the faces of the bed, 
regardless of humidification. When using the two-dimensional bed 
these particles required intense back lighting. This was accomplished 
by placing both strobe lights behind the bed and aiming them at the 
free surface, while using a large sheet of velum to diffuse the light 
(see Figure 2.8). This technique did not give as sharp a picture as 
the front lighting, but it was still satisfactory. 
2.i0 Reduction of Video Data 
For the freely bubbling experiments, a 2500 or 3000 frame segment 
of the recording of the bubbling free surface, corresponding to a x 
constant superficial velocity,'was reviewed in slow motion. Each 
bubble event was recorded in one of two categories, single bubble or 
double bubble. The mechanism(s) of particle ejection into the free- 
board due to the bubble event was (were) also recorded. The data were 
then divided into tables giving the percent of bubble events which came 
into either the double or single bubble category, and the percent of 
bubble events which displayed each ejection mechanism. The purpose of 
these tables is to show which mechanisms are dominant in particle u 
ejection, and the variation of the frequency with.excess air and 
packed bed height. 
-13- 
Individual bubble eruption events for both controlled injection 
and freely bubbling beds were analyzed in the same manner. Each 
bubble event of interest was analyzed frame by frame. The height 
above the free surface (H) for each of the points in Figure 2.9 
and the frame number were recorded. In addition the diameter of the 
bubble when the top of the bubble (point 2) reached the free surface 
level was also recorded. The diameter of the free surface (DpS) was 
taken as a characteristic length and used to normalize the height (H) 
%. ■  , . ■     ■' .■   -...-■ 
of each, region of the bubble. The rise velocity of point 2 was deter- 
mined by a least squares curve^fit and called IL. This velocity was 
then used to form a dimensionless time defined as T  = T (IWDrc), 
where T is the time in seconds determined from the frame numbers on 
the video picture. 
For the controlled injection experiments, the bubble events which 
were catalogued earlier were analyzed in detail by recording the height 
above the free surface for each of the points illustrated in Figure 
2.9. The diameter at the free surface of the leading bubble (DpS), as 
indicated in Figure 2.9, was used to normalize the height recordings. 
The normalized height was then plotted against time. The purpose of 
these graphs is to show the relative magnitude of particle ejection 
associated with each mechanism.' 
■\k- 
3.  RESULTS 
3.1 Test Variables 
Definition 
The test variables which were controlled during this study are 
the following : 
Bed geometry 
Packed bed height 
Bubble diameter at the free surface (DFS^ 
Excess air rate    J (X.) 
Particle diameter (d ) 
Particle density     ^ (p ) 
Two non-dimensional parameters formed by the test variables are 
used to characterize the bubble events. They are dimensionless 
height (H/DpS) and dimensionless time (T). These parameters are used 
to establish similarity between the bubble eruptions. 
The first sets of data were used to determine the different 
mechanisms of particle ejection due to bubble eruption. Experiments 
were then performed, where each test variable was varied independently 
to determine the influence each has on the magnitude of solids ejected 
and the frequency of occurrence of each ejection mechanism. The extent 
to which these goals were met are discussed in the following paragraphs. 
Bed Geometry 
Two bed geometries were used. In the two-dimensional bed, a bed 
thickness of 14.4 mm (9/16") was used to eliminate any effects which 
might arise from having a bed thickness on the same order as the dia- 
-15- 
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meter of the particles to be fluidized. A very  large bed width 
(609.6 mm or 24") was used to minimize the effects of having a 
bubble the same size as the test section (slugging). The porous 
plastic gas distributor was used to provide uniform gas flow and uni- 
form fluidization. A distributor made from stacked sintered bronze 
plates was used for some early experiments, but it was found to give 
non-uniform distribution and its use was discontinued. 
The three-dimensional fluidized bed was designed and assembled 
by S. Edelstein. The semi-cylindrical cross section was chosen to 
allow the formation of the hemispherical bubbles which more closely 
duplicate the spherical bubbles which would be present in an in- 
dustrial fluidized system. The semi-cylindrical cross section also 
allowed the visualization of bubbles which would not be possible in 
,^a column of cylindrical or rectangular geometry. 
It is important to know how the bubbles were cut by the front 
face of the bed. Therefore, video sequences were taken from directly 
above the bed pointiag downward. These sequences showed that most of 
the^bubbles were cut exactly in half by the glass face. A technique 
was developed to distinguish those bubbles that were cut in half from 
those located away from the front face of the bed. The camera lense 
was adjusted so the focal plane coincided with the back surface of the 
glass. Only bubbles which were hemispherical were in focus; and this 
provided a means of rejecting bubbles for data analysis which were not 
truly hemispherical. 
r 
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The test section diameter of 288 mm (11 3/8") was chosen 
because tubes larger than this were not commerically available. 
This limited the tests to a maximum bubble diameter of 100 mm. With 
larger diameters, wall effects and slugging became important. The 
sintered stainless steel distributor proved to give very  uniform 
fluidization and no additional modifications were required. 
Packed Bed Height 
A packed bed height between 490 mm and 550 mm was used for all 
experiments except where noted. This bed depth allowed injected 
bubbles to stabilize before reaching the free surface and it also 
allowed a reasonable amount of coalescence in the freely bubbling ex- 
periments. This insured that the bubbles breaking at the free surface 
were of a reasonable size, but not yet in the slugging regime. Where 
noted, bed depths of half the average (260 mm) and twice the average 
bed depth (1,040 mm) were used to determine the influence of bed 
height on bubble eruption. 
Bubble Diameter at the Free Surface 
Because bubble velocity is a strong function of bubble size, the 
bubble size was considered an important parameter in this study. The 
bubble diameter at the free surface (Dps) as shown in Figure 2.9 was 
chosen as the characteristic length for the bubble eruption event. It 
was practical to vary this parameter from 20 mm to 950 mm in the three- 
dimensional bed, and from 20 mm to 170 mm in the two-dimensional bed. 
In the controlled injection experiments Dr<. was varied by changing the 
-1-7- 
time of injection (t ). In the freely bubbling experiment, bubbles 
which had the desired diameters and were sufficiently removed from 
the effects of other bubbles were selected for analysis. 
Particle Diameter 
The diameter of the particles used in this study were selected 
so they would span the classifications A, B and D, as suggested by 
Gel dart (11). The range of particle sizes studied was also dictated 
by the equipment. Particles much larger than the 921 ymjglass would 
*       ...       .■—-._.. <■ 
have diameters of the order of the thickness of the two-dimensional 
bed. Particles any smaller than the 112 ym catalyst would create a 
problem with dust in the laboratory, because no particle recovery 
system was used. 
Particle Density 
3 The particle density used ranged from 1,050 kg/m for the 
3 
plastic to 3,970 kg/m for the catalyst. This is the normal range for 
particles typically used in fluidized systems. 
Excess Air Rate 
The excess air rate (X.) is also important because this parameter 
affects the bubbling of bed. All controlled injection experiments were 
performed with an excess air rate of either 0,05 or 0,08. The freely 
bubbling experiments were performed with excess air rates ranging from 
0,10 to 2,44. 
The calculated valves for U - did not always agree well with the 
Umf valves obtained by measurement as described in section 2.9 . Both 
the calculated and the measured valves are listed along with other 
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particle characteristics in tables 1-5. In each case the value for 
U - which the calculation of X. is based on is the one which gave the 
best agreement with bubbling conditions and the chosen valves are also 
listed in tables 1-5. 
3.2 Description of Particle Ejection Mechanisms 
Four mechanisms for bubble eruption and subsequent particle 
ejection were observed during the course of this study. The condi- 
tions in which.each oocur and the relative magnitudes of ejected 
particle height and quantity of material ejected are covered in the 
following paragraphs. 
Bulge Burst 
 j 
The most cpmmon eruption type is the bulge bursting mechanism. 
This is shown in Figure 3.1 for the two-dimensional case, and in 
Figure 3.2 for the three-dimensional case. The bulge layer con- 
tinuously stretches and moves upward as the bubble reaches the free 
surface. This process continues until,the center of the bubble is 
approximately at the free surface, after which the bulge layer gradual- 
ly breaks up and becomes increasingly less dense. 
The bulge particles continue to rise and then fall back ontoN 
the free surface. Figure 3.3 shows a closeup of the bulge material 
breaking up. 
The difference found between the two-and three-dimensional bubbles 
was that the wake region consistently rose above the undisturbed free 
surface in the three-dimensional bed. In the two-dimensional bed, the 
wake did not reach above the free surface. In both cases the wake 
19- 
region remained attached to the rest of the bed particle, like a 
ripple in a pool of water rather than a splash. 
Middle Layer Burst * 
This mechanism only occurs when two or more bubbles coalesce 
just below the free surface. The bulge of the leading bubble starts 
to break up when it is overtaken by the trailing bubble. .When the 
coalescence occurs, the middle layer combines with the leading bulge 
and the combined group of particles reaches a height about twice that 
which a single bubble would attain. This mechanism occurs in both 
the 2-D and 3-D beds as shown in Figures 3.4 and 3.5. Approximately 
twice as many particles are ejected in this mechanism as in a single 
bubble. 
Jet Spray 
This mechanism also occurs only when two or more bubbles coalesce 
at the free surface. A jet spray occurs in the same eruption as a 
bulge burst, but the mechanism is different. Figure 3.5 shows a 
sketch of the jet spray mechanism. The jet spray starts out the same 
as bulge burst, as the first three frames of Figure 3.6 show. The last 
three frames'of Figure 3.6 show the jet of particles rising, entrained 
in the gas jet flowing through the cavity formed by the lower bubble. 
The particles ejected in this manner rise up as high or higher than the 
bulge-middle layer particles. This mechanism is present in both two- 
and three-dimensional beds. 
Wake Spike 
The wake spike phenomenon only occurs when two or more bubbles 
-20- 
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coalesce in the three-dimensional bed. AFter the bulge and middle 
layer start to break up, the material in the wake of the trailing 
bubble forms into a spike shape and is thrown up above the bed. The 
magnitude of this phenomenon varies greatly depending on the relative 
positions of the two bubbles when coalescence occurs. The position 
of the two bubbles relative to the free surface is also important. 
If bubbles coalesce within the bed a wake spike will still be formed 
but it will not rise above the free surface. In addition if coales- 
cence occurs when the bubbles are not aligned vertically, the wake 
spike will shoot off at an angle. Figure 3.5 shows a typical wake 
spike, and Figure 3.7 shows a large wake spike. It can also be noted 
in Figure 3.7 that the bubbles are not vertically aligned and the re- 
sulting wake spike is also not vertical. Because of the quantity of 
ejected material and the height to which it is thrown, this mechanism 
appears to be significant. 
3.3 Frequency of Bubble Eruption Mechanisms 
To determine how frequently each of the eruption mechanisms 
occurs, the free surfaces of freely bubbling beds were studied and the 
number of times each event occurred was r&corded. 
For the purposes of data reduction, only those bubbles which were 
greater in size than 20 percent of the mean bubble diameter were in- 
cluded in the count, (i.e., if the average bubble size was 50 mm then 
only bubbles larger than 10 mm were counted.) A single bubble is 
defined here as a bubble whose eruption is not effected by other 
 -21- ' 
bubbles. A double bubble is defined as a pair of two bubbles which 
interact in a way which alters the,eruption. Because the middle 
layer bursting mechanism was present in all double bubbles, the 
height of this ejected material was used to determine if a mechanism 
had appeared in a significant manner. For example, if a wake spike 
occurred but the wake material did not rise as high as the middle 
layer, the event was not considered significant; and it was not re- 
corded as such. 
The frequency of occurrence for each mechanism is shown in 
Tables 6-8. The type of bed material, bed dimension, excess air 
rate,, and total number of bubbles observed are also shown. Table 9- 
shows the effect of packed bed height on the frequency of the bubble 
eurption mechanisms for two different valves of X.. Table 10 shows 
the frequency of each mechanism combined over all the excess air 
rates. A total of 4,228 bubbles was observed in the three-dimensional 
bed. Of these, 9.2 percent were double bubbles and 3.8 percent of the 
 X - -        
double bubbles showed a significant jet spray while 72.1 percent of the 
double bubbles showed a significant wake spike. Of the 1,545 bubble 
events observed in the two-dimensional bed 11.3 percent were double 
bubbles and 6.9 percent of the double bubbles showed significant jet 
spray and 8.0 percent of the double bubbles showed significant wake 
spikes. The wake spikes in the two-dimensional bed occurred in bubbles 
with diameters which were of the same order as the thickness of the bed, 
so they were not truly two-dimensional. Of the 5,773 bubbles observed, 
a total of 9.8 percent were double bubbles and .47 percent exhibited 
-22- 
jet spray. 
3.4 Description of the Single Bubble Eruption 
Because single bubbles are the most common type of eruption it 
was desirable to quantify the bulge bursting type of eruption. 
The non-dimensional trajectory for a typical bubble in 756 ym 
plastic is shown in Figure 3.9. The trajectory is non-dimensionalized 
as described in section 2.10 and points 1, 2 and 3 refer to the free 
surfaces, top of bubble, and wake. All of these points are on the 
bubble center line, as shown in Figure 2.9. Figures 3.10 - 3.12 
show the trajectories for the three points for ten bubbles using 
756 ym plastic. The non-dimensional plots for all bubbles using 
756 ym plastic in the three-dimensional bed have been combined in 
Figure 3.13. The curves in this Figure (3.13) were obtained by 
^fitting curves to the data of the individual bubbles contained in 
Figures 3.10 - 3.12. The same technique was used to obtain average 
trajectories for all three-dimensional bubbles observed in 125 ym 
glass and 451 ym glass. These are shown in Figures 3.14 and 3.15. 
Figure 3.16 is a summary of the trajectories of all the three-dimen- 
sional bubbles. The particle trajectories for bubbles in the two- 
dimensional bed using 451 ym glass and 921 ym glass are shown in 
Figures 3.17 and 3.18 respectively. The trajectories of all two- 
dimensional bubbles are shown in Figure 3.19. 
An alternate method of data reduction is presented in Figure 3.20. 
This method uses the parameter DE« for characteristic length, where 
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DrQ is the diameter of a sphere of equivalent volume. A hemispheri- 
cal shape was assumed for the bubble so D™ = Dpe/^r • The parameter 
Tv/g/Dpn is used instead of T where T is the actual time in seconds. 
Only a few particle trajectories were developed in this fashion 
because the former method seemed to give more consistent results. 
3.5 Maximum Height of Ejected Material 
As shown in the preceding section, the single bubble eruption is 
by far the most prevalent; and one of the concerns of this study was 
in determining the maximum height of ejection in single bubble erup- * 
tions. The parameter which was chosen to represent this is CVDCCJMAV 
which was measured for both the top of the bulge (point 1) and the top 
of the wake ipoint 3). The results are described below. 
Excess Air 
Figures 3.21 and 3.22 show the effect of holding bubble size and 
bed depth constant in the three-dimensional bed for two different 
bubble diameters and different materials. All the data are from 
freely bubbling beds except for results^ at X. = 0.08. 
Packed Bed Depth 
Figure 3.23 gives H/DpS as a function of packed bed depth. The 
three bed depths shown are 0.5,1.0 and 2.0 times the bed depth 
normally used. All data shown are for the same excess air rate 
X, =0.5. 
Bubble Diameter 
Bubble diameter has been shown to influence bubble rise velocity; 
and both of these variables are examined in this section. Figure 3.24 
-2k- 
shows the effect of bubble velocity on ejection height. Figures 3.25 
- 3.27 show the maximum ejection freight vs. bubble diameter for three 
excess air rates. 
J 
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4.  DISCUSSION 
4.1 Ejection Mechanisms and Frequency 
The four particle ejection mechanisms described in the previous 
chapter all throw significant material into the freeboard region. Of 
the four mechanisms only the bulge burst, mid-layer burst and wake 
spike appear to occur often enough to be considered significant, as 
seen from Table 10. These same results suggest that the jet spray 
mechanism does not occur frequently enough to be considered signifi- 
cant. However, it is felt that under the different test conditions of 
higher excess air rates and smaller particle diameters the jet spray 
mechanism could become significant in total particle ejection. 
The results suggest that the controversy in the technical 
literature over whether the bulge or wake particles are ejected during 
a bubble eruption may be the result of differences in test conditions 
and measurement techniques. The .material in the bulge is ejected in 
every,  single-bubble eruption. When two or more bubbles coalesce just 
below the free surface, the middle-layer always combines with the bulge 
material during eruption. In approximately seven percent of all 
bubbles in the three-dimensional bed the wake material forms a spike 
which rises at least to the height of the bulge-middle-layer material. 
The wake material does not form a spike in two-dimensional double 
bubbles. The wake spikes reported in the 2-D case occurred when the - 
bubble diameters were twice the bed thickness or less; and these 
bubbles cannot be considered truly two-dimensional. 
George and Grace (Reference 7) injected bubbles into an incipient- 
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ly fluidized bed of sand with a thin layer of coke particles on top. 
The bed was cylindrical fh cross section, and the coke particles strati- 
fied on the bed surface. Particles ejected by the bubbles were then 
caught in the free board and analyzed to determine the percent of coke 
particles in each eruption. In these experiments the weight fraction 
of coke particles captured per bubble was less than three percent. 
Since only a small fraction of the coke particles covering the top of 
the bed were ejected with each bubble, George and Grace concluded 
that the particles ejected originated primarily in the wake. 
The results presented in this study suggest'a different explana- 
tion for their findings. Figure 3.2 shows a three-dimensional single 
bubble eruption; and it can be seen that when the bubble is just start- 
ing to distort the free surface the bulge thickness is about 40 mm. 
The coke layer in George and Grace's experiments was -reported to be 
v
 about 1 mm. If the progression of the bubble is followed in Figure 
3.2 the bulge layer is seen to stretch and thin out as the bulge 
material reaches its maximum height. The thin layer of coke particles 
on the top of the bulge would also stretch and the relative amounts of 
each material ejected would remain roughly the same. If all the 
particles in the bulge were captured above the bed only one fortieth 
or about 3% would be coke particles. Thus these results suggest that 
the ejected particles captured by George and Grace originated from the 
^  bulge of the bubbles and not the wake. 
The frequency data in Tables 6-10 agree well w'ith the results of 
Rowe and Partridge (Ref. 9) who found that 11 percent of the bubbles 
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observed in the bed were found to be coalescing. The results in 
Table 10 show that 7 percent of all bubbles are double bubbles with 
significant wake spikes. This may explain why in a freely bubbling bed 
an occasional long jet or spike of particles is observed to rise far 
above the free surface. This may also explain why when cyclones are 
used for particle recovery, an occasional "rush" of particles is 
observed when the bed is operated at high flow rates. 
4.2 Single Bubble Eruption 
Although the average non-dimensional curves for different 
bubbles erupting in different materials shown in Figures 3.13 - 3.15 
are not exactly the same and some scatter is shown in Figures 3.10^- 
3.12, a gross similarity does exist between all of the non-dimensional 
single bubbles. It is felt that the scatter is due to the error in 
measuring the diameter at the free surface and in measuring the posi- 
tion of the three points associated with the bubble event. Some of 
the scatter may also be due to actual difference between bubbles. 
4.3 Bubble Velocity 
Using the video system and a centimeter scale some data were 
obtained which showed bubbles accelerating slightly before they reached 
the free surface, although not enough results were gathered to quantify 
this effect. A substantial amount of information is available in the 
technical literature on bubble rise velocity within the bed, bA. no 
results could be found on bubble velocity and acceleration at 
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surface. Comparisons of the bubble velocity data near the 
r 
face obtained from this study were made against Rowe's empirical 
results (Ref. 9) for bubbles within the bed (Figure 4.1). Although 
considerable scatter is present, this curve represents the data 
reasonably well. The result that bubble velocity is roughly the same 
as the velocity within the bed is important when constructing an 
elutriation model. 
Figure 3.22 shows no correlation between bubble velocity and 
maximum height of eruption. It would seem reasonable to assume that 
faster bubbles would eject particles higher because the particle would __ 
have more kinetic energy. From the observation of many erupting bubbles 
it has become evident that the bulge layer breaks up at different points 
in the bubble eruption process. . The bulge layer is shown just starting 
to break up in Figure 3.3. It is possible that the bulge layer becomes 
unstable and breaks up sooner in the eruption process for faster 
bubbles; and this could counterbalance the effect of larger kinetic 
energy in the faster bubbles, thus giving the results shown. 
4.4 Effect of Particle Type on Maximum Ejection Height 
In Figures 3.13 - 3.15 three types of particles are represented 
and no trend can be established between material and maximum ejection 
height. This could be expected because previous studies do not show 
any significant change in bubble parameters; i.e., wake fraction and 
rise velocity in different types of particles. 
4.5 Effect of Bed Depth on Maximum Height of Ejection 
Figure 3.21 shows no effect of bed depth on the maximum height 
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of ejection. If bed depths on the order "of the bubble diameter were 
investigated some effect might be noticed, but this would occur because 
the bubbles would not be fully developed. 
V 
, .1 
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5.  CONCLUSIONS AND RECOMMENDATIONS 
The conclusions drawn from this study are listed as follows : 
(1) Four distinct particle ejection mechanisms which throw 
significant amounts of material into the freeboard exist 
in a bubbling fluidized bed. The mechanisms are bulge 
burst, middle-layer burst, jet spray and wake spike. 
(2) The four mechanisms occur in all materials and for all 
- bed depths. The bulge burst occurs in single bubbles in 
both two- and three-dimensional beds. The midlayer burst 
and jet spray occur in both two- and three-dimensional 
beds, but only when two or more bubbles coalesce near 
the free surface. The wake spike mechanism occurs only 
in three-dimensional geometries when two or more bubbles 
coalesce just below the free surface. 
(3) In the bulge burst mechanism ejected particles originate 
only from the bulge. In the middle-layer burst mechanism 
ejected particles originate from both the bulge and middle 
layer. In the jet spray mechanism ejected particles 
originate from the bulge, middle layer and along the sides 
r 
of the lower cavity. In the wake spike mechanism ejected 
particles originate from the bulge, middle layer and lower 
bubble wake with the wake particles rising the highest. 
(4) Of all bubbles observed, about 10 percent are double bubbles, 
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(5) The trajectory of the three points during the single 
bubble, bulge burst eruption can be non-dimensionalized 
using the parameters H/DpS and T.     ^ 
(6) The average height reached by the bulge material during 
a single bubble eruption in the three-dimensional bed 
was 60 percent of DFS while the wake material only rose 
to a height of 0.33 DFS.    In the two-dimensional bed, 
the average maximum bulge height was 57 percent of DpS. .... 
In every case with two-dimensional bubbles, the wake never 
went above the undisturbed bed free surface. 
The following recommendations are offered : 
(1) The two-dimensional fluidized bed is a useful  tool for 
bubble visualization but since substantial differences 
were found between the two- and three-dimensional beds, 
and the three-dimensional bed more closely approximates 
industrial  geometries, further studies should emphasize 
three-dimensional systems. 
(2) In order to study larger bubbles a semf^cylindrical bed 
with a larger diameter should be constructed.    This bed 
should be operated at larger bed depths to allow the 
formation of larger bubbles. 
(3) The multiple bubble type of eruption ejects more 
particles to greater heights than a single bubble.    For 
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this reason, this mechanism should be studied 
further, and the double bubble event should be 
characterized. 
(4) The above results show that the wake spike 
eruption is an important mechanism in particle 
ejection and that this mechanism does not appear 
with the two-dimensional geometry. In light of 
these facts, a system of .baffles or internals 
should be studied which would have the effect of 
compartmentalizing or two-dimensionalizing the 
upper portion of the" bed, thus preventing wake 
spikes but not greatly affecting the mixing 
characteristics. 
-33- 
V 
TABLE 1 ■■- 
PARTICLE CHARACTERIZATION OF 451 ym GLASS 
DIAMETER (ym) WEIGHT FRACTION 
355 - 425 0.225 
425 - 500 0.685 
500 - 600 0.081 
600 - 710 0.006 
710 - 850 0.003 
Ai 
d =    451 ym 
PS =2,500 kg/m3 
emf =   °-40 
Measured U_-    =   171 m/s x 10"3 Jmf 
Calculated U-  =   175 m/s x 10"3 
•3 . (The value of 171 m/s x 10" is used for Umf when calculating X.) 
\ 
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TABLE 2 
PARTICLE CHARACTERIZATION OF 765 ym PLASTIC 
DIAMETER (ym) WEIGHT FRACTION 
350 - 425 0.039 
425 - 500 0.044 
500 - 600 0.119 
600 - 710 0.144 
710 - 1000 0.385 
1000 - 1400 0.270 
d =    765 ym 
Pc =   1.055. kg/m3 s 
'mf 0.38 
-3 Measured U f.   =.   79.5 m/s x 10 
Calculated Umf  =   201. m/s x 10"3 
(The value of 79.5 m/s x 10  is used for U f when calculating X.) 
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TABLE73 
PARTICLE CHARACTERIZATION OF 921 ym GLASS 
DIAMETER (ym) WEIGHT FRACTION 
600 - 710 0.005 
710 - 850 0.141 
850 - 1000 0.708 
1000 - 1180 0.142 
1180 - 1400 0.003 
d 
P 
- 921 ym 
ps 
= 
3 
2,460 kg/m 
£
mf = .40 
Measured U _ = 550 m/s x 10"3 
Calculated U - = 468 m/s x 10"3 
i-3 (The value of 468 m/s x 10  is used for Umf when calculating Xi) 
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TABLE 4 
.PARTICLE CHARACTERIZATION OF 125 ym GLASS 
^ 
\\ 
DIAMETER  (ym) 
90 - 106 
106 - 125 
125 - 150 
150 - 180 
WEIGHT FRACTION 
0.007.. 
0/T03 
0.884 
0.006 
d by screening =     135 ym 
d by microscope=     125 ym 
d by celloscope=     115 ym 
125 ym used in all  calculations 
Ps =      2,400 kg/m3 
=      0.40 
31.5 m/s x 10 
=      12.7 m/s x 10 
"mf 
Measured U . 
mf s 
Calculated U_ 
-3 
-3 
J
mf 
,-3 (The value of 12.7 m/s x 10  is used for U - when calculating X..) 
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TABLE 5 
PARTICLE CHARACTERIZATION OF 112 ym CATALYST 
DIAMETER (ym) WEIGHT FRACTION 
50 - 90 0.207 
90 - 106 0.160 
106 - 125 0.323 
125 - 150 0.067 
150 - 212 0.090 
212 - 250 0.019 
250 - 300 0.132 
dp , 
= 112 ym 
"s 
= 3.970 kg/m3 
Measured Uf = 25.4 m/s x 10'3 
Calculated U - = 16.6 m/s x 10*3 
-3 Calculated U - w/o coarse fraction 10.4 m/s x 10 
-3 (The value of 10.4 m/s x 10  is used for U - when calculating X^) 
-38- 
>- 
o 
z 
LU 
Z3 ■a 
cr CO 
UJ ca 
o; 
u_ 
id 
s: c 
to a 
< 1—• •r» 
s^ </» 
<£> «c C 
3= 32 UJ O E 
_J UJ •r» 
CO ^! a 
«c 
1— Z o 
o 2 
►—t 1— 
1— 
a. 1 
=3 
QC E 
LU 3. 
LU ,  
—1 LO 
CO <S- 
ca 
=> 
ca 
CM **■ LO ^r o a m o 
in r*. 10 CO o o ^■» 
• ^~ r~~ 
*■" 
CM LO CM CO o a o o 
co r*. r*. CM o a 
• r- ^~ 
""" 
CM en oo CM o o in oV 
r* f- CM o o 
• r"" ^* 
r
~ 
. 
r~ ^> CO CM o o o o 
Cn r* oo ^-» o a 
• ■ r— 
|— LO co CM o o CO o 
00 r>. co r-      ,* o o # 
• 
""" 
r
"~ 
co to ** o o o o 
p^ LO CO ^— o o 
• ■ ^~ 
r_ CM r*. CO o o o o 
iO LO CO r— o o 
• 
'— 
r-
~ 
r™ CO rv. o o o o 
in LO en o o 
• 
•"" •" 
en o o o o o o 5 *»■ en r-» o o 
• •"" ' 
CO CM CO o o o o 
co «3- en o o 
• F— •— K 
en co CM o o o o 
CM «3- en o o 
• r-" 
'"" 
LO r>. en _ o o o o 
cr> CO ^~ o o 
• ■"" *■" , 
CU 
*. 
CU 
1— 
XI 
>» 
CU    1    <d i— en s- 
J3 •!— a. 
CU   1   t- 
r- cna 
XI «P-  VI 
^— ^- r-» 3         -M 3  MM 3  VI 
i— J= •— x: •—  CU O  CU   VI o a      cu 
<a o <a o <o i~ ■a J- s_ -o x: -M -ox:-* 
•r- a* f-  CU CO -M CU  3 ■M  CU ■»-> * 
«*-JC(— t-x:.— «t-j= t/» M- x: xi «^> •■- 'fO «t- -f- 2 
•r- «♦- o 2 en o 2 X) o 2 *- ° * . ° *  . ° * ^ X o     -o c 3 3 u ■u> •M 
crt  CD +*     «/»  •!- •M   «/>  O" +J  U)J 4J  CO   CU *>   W   C ■M  V»   C 
i.  CO  > C  (U  V) e va C  CU C  CU  >» e co id c cu « 
<U •—  S- CO r— CU r— CO i—  CU CO r—  <a JJr-U CO r—   O 
xi xi a» 
EJ3  <« 
U XI   CU a xi co UJ3 0) O XI i— CJ XI 'r~ OJ3f 
S-Xl   S- i. x> s- &. XI r- i- XI "O i- XI <*- L. XI *t- 
1   3 JO CO   3  CO 
a. xi S CU   3  CO CO   3  3 0)  3-E CO  3 i- eo 3 ••- 
-_— 
z xi o Cu xi 2 Q. XI XI a. xi E O. XI   C Ct XI.c 
■39- 
>■ 
cj 
z 
LU 
cr 
LU 
a: 
to 
CQ  •—i 
I  Z 
lO  < 
ZC 
LU o 
CQ 
z 
o 
a: 
UJ 
en 
ca 
CQ 
-o 
Ot 
ca 
c 
o 
•r- 
CO 
C 
at 
at 
i. 
E 
3- 
LO 
o co p>. O o O lO 
CO 10 co r— o o r^ 
' 
-" 
CM CO o o o o 
r»» S CO o o ■**" o 
• r
~ " 
in in o o CO en 
lO S CO ^ o o r— lO 
' 
CM CO r^ o o. CM CO 
in LO CO r— o o r— CO 
r— r—" 
o *3- VO o o o in 5- in 00 r— o o r^ 
^™ 
*" 
r-. CM CO o o 
' 
CO 
co in co r— o o r— r*. 
• 
' ■ 
o r»~ co r*. o o o to 
CM to en o o CO 
' 
1— 
' 
in CO r>. CO o o CO _ 
^~ p^ CO ^~ o o CO 
' 
01 
>» 
ai  i  (O 
•— en fc. 
JQ ••- a. 
at 
at i •«- 
«— en o. 
-Q 'i-   </» 
^_ r— r~ 3        ■»-» 3   00   CO 3   10 
i— JZ i— -C i—  0) O  U  VI o o      at 
«J u 03   U «0   &- -a i- J- ■a x: -M -a xz ^ 
•r-   0) •i-   OI 01 +■> ai 3 +J at •♦-> <o 
«t-J=.— <4- xz w> »•- J: .a «♦- «l- T-> t'C s ■r- «*- o S o> o S -Q o s s- ° * , ° s   , ° 5 ^ X o     -o c 3 3 S- 4-> 4-> 
t/J   Ol ■+->    t/> T- ■M   «/>   O 4-> to ja -t-> to at ■M   10   C +■></)   C 
i-  0)  > C  (U  V) JZ   Ot "0 e <u CD  >> cum c ai ID 
<Ur-  s- at .— 0) •— <D i—   Ol 0) r—   (O ai i— o at i— o 
X> JQ   <U un ai O -£J   CO UJ3  Ol O -Q r— CJ -O f- O XI T- 
EJ3   V) i-JD   S. S.J3   S- SL .Q r- S- J3 T3 i- -Q «4- J_ J3 <♦- 
3   3H <U   3   <D 11   3   11 at 3 3 a) 3r <U   3 -r- at 3 t- 
Z .Q   O aja s Q.JD   J a. .a .a Q.XI   E Q.XIC Q. -Q  C 
»■ 
-40- 
=} ■a 
O" a> 
L±J na 
Q£ 
Ll_ 
fO 
^ c 
CO o 
< 1—1 •^ 
1 *n 10 
r~» <c c 
3: <1) 
LxJ o fc 
_i LU •1— 
CO •z. a 
«=c 
1— z o 
o 3 
1—4 f— 
I— 
Q. | 
ZJ 
ce: £ 
Ixl 3. 
LU LO 
—1 CM 
CO i— 
CO 
GO 
*3- o «* u? o o o CM 
<* cn co i-~ o o LO r— 
• ^— !"• 
CM 
CM r>» cn o O LO en 
co cn CO i— o o CM 
• ^" r"™ 
•"" ,.*— 
-N. 
«3- _ LO m o o CO o 
CM LO cn o o r— 
• r— r— r—• 
1 
o LO CM CO o o o o 
• LO cn o o 
r
~" 
r—
" 
r
"~ 
LO r~«. vo *3" o o CO o 
cn r^ cn o o CO 
• r
"~ 
•  r— 
r»* CM o o o o o o 
r*. LO cn r— o o CM 
• 
*~ ^" 
r^. r^ CO *3- o o o o 
LO CO CO r— o o VO 
• r
"~ 
I—* 
^-. i-* LO •^f o o o o 
LO <d- cn o o LO 
^" 
p— 
CM «tf- cn o o o o 
CO ^r CO i— o •   o «3- 
' 
,— r
~" 
o CM co CM o o o o 
f— 
«*■ o> o o 
• r
~ •"" 
a> 
>> j* 
<u a>  i  ra a>  i T- 
f— r—   0> i- r—   O) Q. 
jQ £X •!-  Q. -Q T-   to 
^~ r~ r— 3        +J 3   (/)   (/) 3   tO 
r— .e <— -G i— a> o aj i/i O o      a> (Q   U (Q   U <a s- ■a s- s- "O J= 4-> -OfJt 
i •r-   OJ •r- a> Q) +J 0)   3 +-> at ■•-> «o 
»»- .Er- <*-x:^- S- -E   «/> t- sz JO <«- v- -r-3 «»-i- S 
•r— «4- o a o> O 2 x> o S s_ ° * , O  S o x X O        T3 c 3 3 s- 4-> +J (/>   0) +J   Wr +J   </J   O +J   WJ3 +J v> a> +*   «/>   C ■•-> to c 
i.   Q)   > E   (D   CO C   Ql XJ c a> C 0) >> c <u <a c ai id 
0)i— s- 0) i— <D i— O) «—  0) <U r—   ra O) i—  o air— o 
_a _a a; o ua a> o ja a> uj} ai O -Q r— OU-r O J3 •!- 
E -Q t/) S-J3   S- S-XJ   J- S- X> i— i- x> -o S- .Q »»- S-X3 «*- 
33H a> 3 a> a> 3 a» tt)   3   3 a» 3 -i- a> 3 -i- 0»   3 -r- 
ZJ3   0 a^> 2 a. JQ 2 a. JO -o a. .a E O.J3   C o- ja c 
■41- 
>- 
C_) 
z -a 
LU co 
Z3 CQ 
cr 
LU ^— 
ac (O 
u_ 
o 
s: •r" 
CO to 
CO 1—1 c 
I z co 
f^ ■=c B 
sz 
UJ o o 
_J LU 
CO •s: <u 
< co h- z s- 
o x: 
►—1 »— 
t- 
Q. i 
=3 
o: e 
LU 3. 
LU LO 
—I CM 
CQ r— 
CO 
=3 
OQ 
co en _ en o o o o 
to en o> o O o 
1 
' 
r— 
o CO en o o o CM 
to CM co r— o o 00 
^~ 
r— r
"~ 
CM LO o O o o o o 
LO O en i— o o o 
^™ *"" *"" 
r
"~ 
«* an o o o o co LO 
«* en en 1— o o en 
CM 
'~~ 
1 
r*. to CM CO o o CO o 
en CO en o o t— o 
• 
^~ 
r— r— 
• ^~ 
> 
en r^ o o o o o o 
CM CO en r— o CD o 
1 ^~ ,— 1— 
CM vo «* o o o o 
1— CM en o o CM o 
r
~' *" 
r— r
~ 
*3- tD CO r». o o o o 
^*- CM en o o o 
^™ """* r— ^~ 
tO CO o o o o o o 
O r»» en i"— o o *3- 
• 
■ *"" 
r
~" 
-f     ■- — 
>> 
CO 
CO co   i   <a CO    1   f- 
r— i— en s- r-   Dia 
XJ XJ *i— o. XI 't-   Ml 
^— i— f— 3         +J 3. </>   WJ 3   to    «~ 
i— x: ■— x; i—  CO O  CO   to o O         CO (O  o CT3   O ra  X- ■o u s- T3£+> -ox:.* 
•r-  CO •r-  CO co +■> C0   3 +-»  CO +J   rd 
•♦-.Cr- <i-x:i— «*- JZ  to M- x: xi «*-   f-   •!"> <t--r-   2 
•^ M- OJO) O  2X3 O 2 S- O  2 O 2 O 2 
X O        TS- c 3 3 s_ +J -M 
UI   CD P  «-r ■•->   V)   O ■M   «/» XJ +J   1/1   CO +-» to c 4JUIC 
S-   CO  > C  (V  U1 C  CO "O C   CO c <u >> c a) (O C  CO   (0 
CO i—  S- CO i—■ CO i— CO i—  CO CO i—  <o CO r—   O CO •— o 
JQ £3   Q) U XJ   CO O XJ   CO o xi en O XJ r— O XJ t- O XJ •!- 
£ XI  to i--a s- s- XJ s- J- XI i— S- XJ -o i- XJ «•_ i- XJ «•- 
3 3 .a 01   3  <U <u 3 ai CO   3   3 CO   3 -r- CO   3 T- CO   3 -r- 
Z XI   O a. xi 2 o_ XJ 2 a. xi xi o- XJ E Q. XJ   C a. XJ c . 
E 
3. 
CM 
>- 
O 
Z 
LU 
Z3 
cr Q 
LU LU 
cc CQ 
u_ 
_J 
s: <: 
CO z 
«a: 1—1 0 
1 z: 1—4 
oo <C CO 
JC ^n 
LU o LU 
_l LU s: 
CQ s: 1—■ 
<c a 
h- 2: 
0 LU 
»—* LU 
t— oc 
Q. 3C 
LU 
_l 
CQ 
CD E 
=> 3- CO 
LO 
CM 
/•~ 
CO r-m CO r^ 0 0 «3- O 
*0 LO 0 0 0 ^ O 
• I— 
- 
'~~ 
r
~" 
r— 
CM O «5t VO 0 0 O O 
*J" 00 CT> 0 0 O 
* 
'■" 
r— r
~ 
CJ LO CO r^. 0 0 O 
CVJ r>- CT» 0 0 r— 
• 1 ■ 
t 
V 
CM 
CO 0 CO r» 0 0 O CM 
• CM 00 r— 0 0 00 
^~ 
r
~" 
r— n— 
vo CM CO CM 0 0 a* CM 
r—• CO CO 1— 0 0 CT> 
' ' ' 
.- 
O 00 CM 00 0 0 0 O 
O en CT> 0 0 O 
• r™ r— r-■ 
^~ 
^ 
«3" o> CM 00 0 0 0 0 
00 r— en 0 0 0 
r— r— 
CO 
>> .* 
<u co   1   ia CO   1 •>- 
r— 1—  en J- 1—  Cn CJ. 
XJ XJ •!-    QL XJ 1-   «/) 
^~ ^— I— 3         -M 3 </» t/> 3   t/) 
t—JZ 1— -C 1—   CO O  CO  w> 0 X)         CO 
<o 0 (O  0 (O   J- -0 J- s- ■0 x: +J _/o x: J* 
•1-   CO •t-   CO C0 4-> CO   3 +J co 4-> id 
M--Ci— «»- x:r- <*- x: </i «4- JZ XI «♦- •!- -i-o «4--.-   S 
•r— «f- 0 X en O 2 XI 0 X s- O s 0 5 O 3 
x 0     -a c 3 3 s- +J ■M 
VI   CO +J    «)  T- +* </> 0 +J   </> XJ +■»   </)   CO 4->   l/>   C +J   «/»  c 
s_ co > C   111   U) c aj-o £  CO C   CO   >> E   CO   CO c ai <a CO r— s- CO 1— CO 1— CO 1—   CO CO 1—   (O CO 1—  0 CO 1— 0 
XJ XJ   CO a xi co u XJ co 0 XJ en O XJ 1— O  XJ   •!- OXI-r 
E XJ w S-XJ  s- S- XI   $- S-XJi— 1. XJ 13 J_ XJ 4- S- XJ «*- 
3   3 X} C0   3   CO CO   3   CO CO   3   3 CO   3 -f- CO   3 >i- CO   3'f- 
z x> 0 a. XJ 3 O. X) 3B Q. XJ XJ Q. XJ   E Q_ XJ   C a. XJ c 
-43- 
■s- 
o 
z 
LU -o 
ZD d) 
cr CO 
LU 
cc r— 
LI- 
ST o 
to •r- 
CO i—i </7 
z C 
00 <c (U 
oz £= 
LU o •i— 
_l LU o 
CQ s: 
< a> 
I— z CD 
o s. 
1—4 x: 
»— »— 
o. 
=3 i 
Q£ 
LU 
3. 
LU 
_l <£» 
CO in 
CO r«» 
CO 
CO en en O o o «*• 
10 CO co ^~ o o r— U3 
• n~ ^
— 
T
~ 
LO r-» en o O o r— 
CO CO CO ^ o O en 
• r-' ^- 
t— O' 
CO CO r-% CO o o o O 
o co r— o o o 
• r— f— T— r™" 
""* 
o O o o o o 
o T— en r- o o co 
• r— n~ ^~ 
•~ 
«*• CO en ^~ o o o 
CO CO CO ^— o o r— CO 
• *~" ■~~ •"" rs. 
CO VO o O o o o o 
r^ co en r— o o o 
• 1 '~~ 
•/   \ 
f— 
Lf) «* <X> o o o CO s «d- en o o 00 
• r— r
~ 
r— 
o O C\J CO o o o CO 
LO O en o o CO 
' 
^" 
l
~. *"" 
en .  r>- vo *3- o o o o 
CO en en o o LO 
• 
•"" 
1 1 
CO CO i-* CO o o o r- 
CM r— en o o KO 
• I
"
- 
""" ^~ 
r^ co en o CD o o 
r— CO en o o 
a> 
>> .*: 
a> O)     I     (0 a>  i f- 
^-» r- en s- i— en a. 
XJ XJ •!- a. XJ «f-   </) 
i^ ^— ^™ 3         4J s </> </i 3   (/> 
r— x: i— x: i—   Q) oai ui o o      ai 
JO  o <o o re s_ T3   S_   S- -o x: -u ■a x: ^£ 
<r-   <U •r- a> a> ■»-> <D   3 +j a» -M ia 
<+- X:.— «4- JC^- <♦- x: </> «♦- x: XJ *»- ••- -i-s 4- ••- S 
•^ <+- O   JO) O  3BXJ o s J- O 5 O  S o 2 
X O         "O c 3 3 s- +J +J 
t/> a; +J   tfl f- +■>  t/1  O +-> i/i .a -M in a> ■M w c •M W)  t= 
s- cu > c <U %n c a> -o C   (D c a> >> c m m C   <U  ID 
OJr-   J- <D i— OJ f— OJ i—   CD ai •— re a» i— o O) i—  o 
XJ XJ a> U jQ   <U O XI a» u XJ en O XJ i— O XJ -r- OUT. 
E X> to S.J3  i. i- XJ s- S- XJ ■— £- XJ "CJ s_ xm- S_ XJ <4- 
3   3 XI <U   3   CD a> 3 a> a> 3 3 ai 3 •■- ai 3 T- <u 3 f- 
z .a o Q.^5   3 Q.J3   3 O. XJ XJ a. XJ e a. xi c Q. XJ   c 
-44- 
TABLE 9 
EFFECT OF PACKED BED HEIGHT 
ON FREQUENCY OF BUBBLE ERUPTION MECHANISMS 
FOR 756 ym PLASTIC PARTICLES   i 
j 
Packed Bed 
Height ym 260 520 1040 260 520 
xi ^0.5 0.5 0.5 1.01 1.01 
Number of 
bubbles 
observed 
119 
* 
97 
3 
100 
100 
0 
75 
100 
92 
8 
100 
0 
88) 
175 
91 
9 
100 
100 
0 
67 
66 
91 
9 
1JQ0 
100 
0 
100 
111 
90 
10 
100 
100 
0 
80 
Percent of all 
bubbles which 
were, single 
Percent of all 
bubbles which 
were double 
Percent of all 
bubbles where 
bulge burst 
Percent of double 
bubbles where 
midlayer burst 
Percent of double 
bubbles with sig- 
nificant jet spray 
Percent of double 
bubbles with sig- 
nificant wake spike 
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Figure 1.1   Typical bubbles rising in a two- 
dimensional fluidized bed 
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Figure 2.1 Two-dimensional fluidized bed 
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Figure 2.3 Three-dimensional fluidized bed 
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TO BED 
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Figure 2.5 Schematic of air flow circuit 
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Figure 2.6   Humidification tank 
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Figure 2.9 Bubble measurement points 
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APPENDIX 
TIMER CONSTRUCTION 
the timer which produces the output described in Chapter 2 was 
constructed primarily using transistor transistor logic (TTL) circuitry. 
• The" full schematic is shown in Figure A 1. The power and, ground lines 
have been omitted from Figures A 1 - A 3 to aid clarity. The timer 
circuit is comprised of three main sections, power supply, clock and 
control circuit and the counters. 
The power supply is shown in Figure A 2. The 12.6 Volt, 1.2 amp 
transformer draws wall current and powers the entire circuit except 
the solenoid valve. The 12.6 V AC is converted to DC with a full wave 
bridge rectifier. A 1000 yf electrolytic capacitor is used to filter 
any low frequency distortion. This DC current is then fed into a pair 
of 5 Volt IC voltage regulators wired in parallel. Both regulators 
are connected to a large aluminum heat sink. The 5 Volt output is 
further filtered by a 0.22 yf tantalum capacitor to reduce any high 
frequency noise which would affect the TTL circuitry, 
The control circuit is shown in Figure A 2. This circuit is res- 
ponsible for activating the relay and providing a pulse for the coun- 
ters. The clock section of the counter is regulated, by the 60 Hz of 
the wall power drawn off the secondary side of the transformer (marked 
trigger in Figure A 2). This signal biases the voltage divider and 
provides an alternating signal for the comparator. A 10 mn  resistor 
\ 
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is used to bias the output of the comparator high . The clock pulse 
is then put through a "nand" logic gate which makes the clock driver 
[CLDR] out of phase with the clock pulse. The relay controlling 
section consists of two "nand" logic gates connected as a flip flop 
and a third "nand" logic gate which activates a transistor which in 
turn activates a photo-coupled relay. When a low pulse appears at 
the [load] of the flip flop, the output goes low which causes the 
"nand" logic gate to go low which activates the solenoid relay. When 
low pulse arrives on the [borrow] line the flip flop goes high and 
the relay is de-activated. 
The counter circuit is the main building block for the whole 
timer. The counter circuit is shown in Figure A 3. The counters are 
synchronous decimal counters. Three decimal counters are wired in 
series to give a counting ability of 999. When the [load] line goes 
low the inverted signal from the rotary switches is loaded into the 
counters which corresponds to the number preset into the switches. 
The pulses from the [CLDR] are counted until the preset number is 
reached. When the counter has counted out, the [borrow] line emits a 
low pulse. If the clear line goes high during the count a low pulse 
will come from the [borrow] regardless of the counter's state, thus 
"High" refers to a logical state of 1 and a five Volt electrical 
level; "low" refers to a logical state of 0/ and a zero Volt 
electrical level. ^ 
2 
The items in brackets refer to the various input and output 
lines in the appendix figures. 
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stopping the count. 
When the start button is pushed it causes the monostable 
multivibrator or one shot to emit a 1 ms low pulse. This makes a 
corresponding low pulse appear on the [load] line from the "nand" 
logic gate. This pulse causes the [RLDR] line to go low activating 
the solenoid valve and starting the count on counter 1. When counter 
1 under-flows a low pulse appears on the [borrow] line which causes 
the [RLDR] to go high and turns the valve off. The [RLDR] causes a 
1 ms low pulse to go to the "and" logic gate and a 1 ms high pulse to 
go to counter 3. The clock signal then is able to go to counter 2. 
When counter 2 untier-flows a low pulse appears at the corresponding 
[borrow] line and this is applied to the [Toad] line, starting the 
on-sequence again. This process continues until counter 3 under-flows 
changing the D-flip flop into the low state which discontinues the 
cycle. 
V 
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